Sep. 1, 1998 This invention relates to magnetic markers for use in electronic article surveillance (EAS) systems and to methods, apparatus and systems for using and making such markers.
BACKGROUND OF THE INVENTION
In the design of EAS systems which use magnetic-type markers, efforts have been made to enhance the uniqueness of the marker's response. One way that this has been accomplished is by increasing the high harmonic content in the voltage pulse generated by the magnetic flux reversal of the marker. When the high harmonic content is increased, the marker's response signal becomes more easily differen tiated and detectable over lower frequency background noise and magnetic shield noise and signals generated by other magnetic materials often found to exist in EAS systems.
In U.S. Pat No. 4,660,025, entitled "Article Surveillance Magnetic Marker Having An Hysteresis Loop With Large Barkhausen Discontinuities" (assigned to the assignee of this application), a magnetic marker is disclosed which develops an output pulse that is substantially independent of the time rate of change of the interrogatingfield and the field strength as long as the field strength exceeds a minimum threshold value. More particularly, the '025 patent teaches that by forming the marker so that the magnetic material of the marker retains stress, the marker exhibits a hysteresis characteristic having a large Barkhausen discontinuity. Accordingly, upon exposure to an interrogatingfield exceed ing the threshold value, the magnetic polarization of the marker undergoes a regenerative reversal. This so-called "snap action" reversal in the magnetic polarization results in the generation of a sharp voltage pulse, rich in high harmonics, which affords a signal that can be distinguished from background noise and signals generated by magnetic materials other than EAS markers.
The disclosure of U.S. Pat. No. 4,660,025, and of related U.S. Pat No. 4, 686, 516 , is incorporated herein by reference.
FIG. 1 illustrates a hysteresis loop characteristic of the marker disclosed in the '025 patent. Indicated at 20 and 22 in FIG. 1 are large and substantially instantaneous reversals in magnetic polarity exhibited by the magnetic material disclosed in the '025 patent. These reversals are referred to as "Barkhausen discontinuities" and occur at a magnetizing field threshold level having the magnitude H. As long as the incident alternating interrogation field has a magnitude which exceeds the threshold level H, the marker will exhibit a very sharp signal spike, rich in high harmonic frequencies that are readily detectable by the EAS system.
The '025 patent discloses, as a particular example of a suitable magnetic material, an amorphous wire segment having the composition FeSiBC, where the percent ages are in atomic percent. The threshold for the material was less than 0.6 Oe. Thus, this particular material generated a sharp spike even when the incident interrogation field had a peak amplitude of 0.6 Oe.
The actual strength of the incident interrogation field signal experienced by a marker in an interrogation Zone of an EAS system may vary substantially from place to place 2 within the zone. The field strength ranges from a maximum at locations adjacent to the interrogation signal transmission antenna or antennas, to much lower levels at points in the interrogation zone that are relatively distant from the antenna(s). If a marker of the type disclosed in the '025 patent is exposed to an interrogation signal that has an amplitude lower than the threshold level H of the hysteresis loop for the material, then the desired sharp spike output is not generated. Although magnetic materials having thresh old levels as low as about 0.04 Oe are known, the lowest reported threshold for wire segments actually employed in EAS markers is about 0.08 Oe. The incident interrogation field signal level present at some points in the interrogation zone may be below the threshold, so that the Barkhausen switch does not occur and the marker is not detectable when at such points in the zone.
It could be contemplated to increase the strength of the signal radiated from the interrogation antenna(s) to ensure that the entire interrogation zone is subject to a signal level higher than the threshold, but this approach may cause undesirable heating effects in the antenna driving circuitry and/or may require the circuitry to include relatively high cost components. In addition, increasing the radiated field strength may be prevented by relevant regulatory con straints.
As another alternative, the dimensions of the interrogation zone may be reduced, again to ensure that the interrogation signal level exceeds the threshold level throughout the Zone. However, this approach may not be acceptable to operators of the systems and their customers, since reducing the interrogation zone can be accomplished only by narrowing the exits from premises at which the EAS system is employed.
OBJECTS AND SUMMARY OF THE

DNVENTON
It is an object of the invention to provide an EAS marker that has a highly unique response characteristic and is readily detectable without increasing the radiated amplitude of the interrogation field signal or decreasing the size of the interrogation zone.
According to an aspect of the invention, there is provided magnetostrictive metal alloy to form an amorphous metal wire, processing the wire to form longitudinal compressive stress in the wire, and annealing the processed wire to relieve some of the longitudinal compressive stress. With a marker provided in accordance with the invention, the effective switching threshold at which the Barkhausen discontinuities occur is reduced to approximately one-half of the lowest previously-known threshold level. The resulting markers can be detected with substantially greater reliability, even when present at a point in an interrogation zone where the incident interrogation signal strength is at a minimum level.
The present invention is a remarkable departure from the prior art in that it has not previously been known to tension-anneal a cobalt-based wire to produce a wire seg ment which exhibits a Barkhausen discontinuity. Although positive magnetostrictive materials, such as iron-based amorphous wire, have been tension-annealed to form the longitudinal anisotropy which produces Barkhausen discontinuities, cobalt wire exhibits negative magnetostriction, and tension-annealing therefore tends to eliminate longitudinal anisotropy. The prior art has never proposed to tension-anneal cobalt wire when a Barkhausen discontinuity is desired, since the Barkhausen effect is eliminated if the longitudinal anisotropy is destroyed. According to a key finding of the present invention, it is possible to tension-anneal a cobalt-based amorphous wire, with appropriate process parameters and after die-drawing, to produce wire segments that exhibit Barkhausen discon tinuities. Moreover such a process can produce a desirably low switching threshold, and a high squareness ratio. Examples of suitable process parameters are given in a subsequent section hereof. FIG. 9 is a perspective view with portions broken away of a magnetic marker formed using a wire segment produced in accordance with the present invention.
FIG. 10 is a block diagram of a typical system for establishing a surveillance field and detecting a marker produced in accordance with the invention.
DESCRIPTION OF PREFERRED EMBOOMENTS
FIG. 2 provides an overview, in flow-diagram form, of a process carried out in accordance with the invention to produce EAS markers which exhibit a large Barkhausen discontinuity at a very low field threshold level.
The process of FIG.2 begins with a first step, represented by block30, in which a cobalt-based alloy is cast to forman amorphous wire. A conventional casting process such as in-rotating-water quenching may be employed.
Following step 30 is step 32, at which the castwire is cold drawn to reduce the diameter thereof. The die-drawing step produces longitudinal compressive stress in the wire, which forms alongitudinal anisotropy and also tends to elevate the threshold level for resulting marker elements.
Following step 32 is step 34, at which the die-drawn wire is annealed while applying longitudinal tension to the wire. This annealing step, if performed with suitable parameters, relieves and redistributes some of the compressive stress produced by the die-drawing, and greatly reduces the thresh old level at which the Barkhausen discontinuity occurs, while preserving a substantial output signal level.
After step 34, a step 36 is performed, in which the annealed wire is cut into discrete wire segments suitable for inclusion in a marker.
As an alternative to the die-drawing step 32, it is con templated to substitute other process steps which produce longitudinal compressive stress in the cast wire.
MAGNETC CHARACTERISTICS OF DE DRAWN WERE SEGMENT
A preferred embodiment of the process of FIG. 2 is applied to an alloy having the composition CO Si Bls.
The material is cast to a diameter of 125 micrometers and then die-drawn to reduce the diameter to 50 micrometers.
FIGS. 3(a) and 3(b) show signal traces obtained by driving a 70 mm length of the die-drawn wire with fields having respective peak amplitudes of 2 Oe and about 120 Oe. In both FIGS.3(a) and (b), the abscissa axis corresponds to the incident magnetic field applied along the length of the wire segment, and the ordinate axis corresponds to the resulting normalized magnetization level (magnetization level divided by magnetization at saturation (M) As seen from FIG. 3 (a) , a large Barkhausen discontinuity occurs at a threshold level H of about 2 Oe. The die-drawn material exhibits a squareness ratio (remanent magnetization at Zero applied field, divided by M) of about 0.35.
MAGNETIC CHARACTERISTICS OF TENSION ANNEALED WIRE SEGMENT-EXAMPLE 1.
In a preferred practice according to the invention, the die-drawn wire described just above is annealed (before 5,801,630 5 cutting) for one hour at 440° C. while applying longitudinal tension to the wire. The longitudinal tension may be applied by a conventional technique such as suspending a body of the desired mass from one end of the wire and holding the other end of the wire fixed. A preferred tension is 25 kg/mm.
After annealing, the wire is cut to a length of 70 mm to produce an element having a hysteresis characteristic as shown in FIGS. 4(a) and (b) . FIG. 4(a) shows the signal trace produced with a low-level driving field and FIG. 4(b) shows the signal trace produced with a high-level driving field.
As seen from FIG. 4(a) , the resulting wire segment has a switching threshold H of slightly more than 0.02 Oe. This represents a reduction in the threshold level by a factor of two in comparison with the lowest levels of H that have previously been reported. In addition, a squareness ratio of 0.95 was achieved, which provides for an ample output signal level. It is believed that previously reported levels of Hin the range of 0.04 or 0.045 Oehave been achieved only with a substantially lower squareness ratio and by processes that may not be suitable for large-scale implementation.
The amorphous cobalt wire, as cast, has a threshold of about 0.05 Oe, but exhibits a very low output amplitude which is undesirable for use in a marker in its as-cast form.
The subsequent die-drawing generates a large longitudinal compressive stress in the core of the wire. The compressive stress creates alongitudinalanisotropy in the wire, due to the negative magnetostriction exhibited by the cobalt material. Although the induced longitudinal anisotropy increases the threshold level (as shown in FIG. 3(a) ), the subsequent longitudinal-tension annealing, if performed with suitable parameters, is believed to relieve and redistribute some of the longitudinal compressive stress, so that the desired low threshold level for the Barkhausen discontinuity is obtained, with a suitably high output level.
It has been found that if the temperature during the annealing is not sufficiently high, then not enough of the compressive stress is relieved or redistributed, so that the threshold level remains higher than is desired. On the other hand, if too high an annealing temperature is employed, then crystallization results, and the output signal level is greatly reduced. Moreover, if an excessive amount of tension is applied during annealing, then a shear hysteresis loop results, apparently because all of the compressive stress is relieved and strong longitudinal stress is annealed in. As seen from FIG. 5(a) the switching (Barkhausen discontinuity) threshold is about 0.1 Oe, roughly five times higher than the threshold of the material produced in Example 1. Further, the squareness ratio of the material of this Example 2 is about 0.6, Substantially less than the squareness ratio for the Example 1 material. It is believed that the annealing temperature of 380 was too low to achieve sufficientirelief and redistribution of the longitudinal compressive stress. Meanwhile, the squareness ratio increases from less than 0.6 to well over 0.9 as the tension is increased from 2 kg/mm. to 25 kg/mm. It has been found that an annealing temperature within the range of 420° C. to 500 C., and an applied longitudinal tension in the range 2 to 25 kg/mm, produces the desired magnetic material that has a low switching threshold Hrand a high output signal level.
As an alternative to the specific composition given above in connection with Example 1, it is believed that satisfactory results can be obtained with other alloy compositions which include cobalt in the range of 70% to 80%, by atomic percent. For example, it is believed that Co.Si. Bis would be a suitable composition.
It has been found that applying a tension of much more than the preferred level of 25 kg/mm during annealing tends to eliminate the desired Barkhausen discontinuity. For example, applying tension at 37.5 kg/mm was found to eliminate the desired discontinuous hysteresis characteristic. The undersurface of the substrate 121 may be coated with a suitable pressure sensitive adhesive to secure the marker 120
to an article which is to be maintained under surveillance. A system used to detect the presence of the marker 120 is shown in block diagram form in FIG. 10 . In addition to the marker 120, the system includes a frequency generator block 160 and a coil 161 for radiating the interrogation signal. Also included in the system are a receiving coil 162, a high pass filter 163, a frequency selection/detection circuit 164, and an alarm device 165. In operation, the frequency generator 160 drives the field generating coil 161 to radiate an interroga tion signal field in the interrogation zone. When the marker 120 is present in the interrogation Zone, resulting perturba tions in the field are received by the field receiving coil 162. The output of the receiving coil 162 is passed through the high pass filter 163, which has a suitable cutoff frequency to provide high harmonic frequencies of interest to the selection/detection circuit 164. The selection/detection cir cuit 164 is arranged so that, when the high harmonic frequencies are presentata sufficient amplitude, an output is provided to activate the alarm device 165.
With the low threshold and high output level character istics of the markerformed in accordance with the invention, reliable detection of the marker can be achieved, even if the marker passes through portions of the interrogation Zone at which the interrogation signal is at a low level. It therefore is not necessary to increase the amplitude of the interroga tion field provided by the generating coil 161, nor to reduce the size of the interrogation zone, in order to achieve increased reliability in detecting the marker. It is contemplated that markers produced in accordance with the invention may be deactivated by crystallizing some or all of the bulk of the wire 123, as taught in the above referenced U.S. Pat No. 4, 686, 516. Although the present invention has been described with reference to presently preferred embodiments and practices, it should be understood that various changes can be made without departing from the true spirit of the invention as defined in the appended claims.
What is claimed is:
1. A marker for use in an article surveillance system in which an alternating magnetic field is established in a surveillance region and an alarm is activated when a pre determined perturbation to said field is detected, said marker comprising a body of magnetic material with retained stress and having a magnetic hysteresis loop with a large Barkhausen discontinuity such that exposure of said body to an external magnetic field, whose field strength in the direction opposing the magnetic polarization of said body exceeds a predetermined threshold value, results in regen erative reversal of said magnetic polarization, and means for securing said body to an article to be maintained under surveillance, characterized in that said predetermined threshold level is less than 0.04 Oe.
2. A marker according to claim 1, wherein said predeter mined threshold level is less than 0.03 Oe.
3. A marker according to claim 2, wherein said predeter mined threshold level is substantially 0.02 Oe.
4. A marker according to claim 1, wherein said body comprises a length of amorphous metal wire.
5. Amarker according to claim 4, wherein said wire is at least 70% cobalt by atomic percent. 6. A marker according to claim 5, wherein the metallur gical composition of said wire is essentially given by the formula CosSiBs, where the percentages are in atomic percent.
7. A marker for use in an article surveillance system in which an alternating magnetic field is established in a surveillance region and an alarm is activated when a pre determined perturbation to said field is detected, said marker comprising a body of magnetic material characterized in that the magnetic polarity thereof commences and completes reversal when the magnitude of strength of said field attains a given value, without need for increase in field strength above said given value; further characterized in that said given value is less than 0.04 Oe.
8. A marker according to claim 7, wherein said given value is less than 0.03 Oe.
9. A marker according to claim 8, wherein said given value is substantially 0.02 Oe.
10. A marker according to claim 7, wherein said magnetic material is at least 70% cobalt by atomic percent.
11. Amethod of forming a magnetic material, comprising the steps of:
casting a metal alloy to form an amorphous metal wire which exhibits negative magnetostriction; die-drawing said wire to reduce a diameter thereof; and annealing the drawn wire while applying longitudinal tension to the drawn wire.
12. A method according to claim 11, wherein said metal alloy is at least 70% cobalt by atomic percent.
13. A method according to claim 12, wherein the metal lurgical composition of said metal alloy is essentially given by the formula Co, Si Bls, where the percentages are in atomic percent.
14. Amethod according to claim 11, wherein said anneal ing step is performed at a temperature in the range 420 to given by the formula CoSisBs, where the per centages are in atomic percent; and said annealing step is performed at a temperature of substantially 440° C.; and said tension applied during said annealing step is sub stantially 25 kg/mm. 20. A method according to claim 11, wherein said die drawing step produces longitudinal compressive stress in said wire, and said annealing step is performed so as to relieve some but not all of said longitudinal compressive Stress. 21. A marker for use in an article surveillance system in which an alternating magnetic field is established in a surveillance region and an alarm is activated when a pre determined perturbation to said field is detected, said marker comprising a body of magnetic material with retained stress and having a magnetic hysteresis loop with a large Barkhausen discontinuity such that exposure of said body to an external magnetic field, whose field strength in the direction opposing the magnetic polarization of said body 5,801,630 9 exceeds a predetermined threshold value, results in regen erative reversal of said magnetic polarization, and means for securing said body to an article to be maintained under surveillance; characterized in that said body of magnetic material is formed by casting a metal alloy to form an amorphous metal wire which exhibits negative magnetostriction, die-drawing the cast wire to reduce a diameter thereof, annealing the drawn wire while applying longitudinal tension to the drawn wire, and cutting the annealed wire to form a discrete wire segment. 26. An article surveillance system for detection of the presence of an article in an interrogation zone comprising: a generator means for generating an incident alternating magnetic field within an interrogation Zone; b. a marker secured to an article, said marker comprising a body of magnetic material with retained stress and having a magnetic hysteresis loop with a large Barkhausen discontinuity such that upon exposure of said body to an external magnetic field, whose field strength in the direction opposing the instantaneous magnetic polarization of said body exceeds a predeter mined threshold value, there results a regenerative reversal of said magnetic polarization, said marker characterized in that said predetermined threshold level is less than 0.04 Oe; and 5 10 15 35 10 c. receiving means for detecting perturbations of the magnetic field in said interrogation zone when said marker is present in said interrogation zone. 27. An article surveillance system according to claim 26, wherein said predetermined threshold is less than 0.03 Oe.
28. An article surveillance system according to claim 27, wherein said predetermined threshold is substantially 0.02 Oe. 29. An article surveillance system according to claim 26, wherein said body of magnetic material is formed of a cobalt alloy.
30. An article surveillance system according to claim 29, wherein said body of magnetic materialis formed by casting a cobalt alloy to form an amorphous metal wire, die-drawing the cast wire to reduce a diameter thereof, annealing the drawn wire while applying longitudinal tension to the drawn wire, and cutting the annealed wire to form a discrete wire Segment. 31. An article surveillance system according to claim 30, wherein said wire is at least 70% cobalt by atomic percent.
32. A method of forming a magnetic material, comprising the steps of:
casting a metal alloy to form an amorphous metal wire which exhibits negative magnetostriction; processing said wire to form longitudinal compressive stress in said wire; and annealing the processed wire to relieve some of the 
